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(57) Abstract 



An integrated device (100, 200, 300, 400, 600, 1000) for 
harvesting a biological fluid from the tissue and analysis of the 
biological fluid. The device comprises a layer having a porating 
element disposed thereon to form at least one opening in the 
tissue. Biological fluid is harvested from the opening of the 
tissue and placed in contact with a sensor incorporated in the 
integrated device. The sensor is responsive to the biological 
fluid to provide an indication of a characteristic of the biological 
fluid, such as the concentration of an analyte in interstitial fluid. 
The porating element may comprise one or more heat conducting 
elements that are either optically or electrically heated, or one 
or more mechanical porating elements. 
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INTEGRATED TISSUE PORATION, FLUID HARVESTING 
AND ANALYSIS DEVICE. AND METHOD THEREFOR 

BACKGROUND OF THE INVENTION 

5 This application claims the benefit of U.S. Provisional Application No. 

60/077,135, filed March 6, 1998, and entitled "Integrated Tissue Poration, Fluid 
Harvesting and Analysis Device, and Method Therefor," the entirety of which is 
incorporated herein by reference. 
Field of the Invention 

10 This invention relates to an integrated device for the creation of micropores or 

small holes or perforations in tissue, the collecting a biological fluid from the tissue 
through the small holes, and monitoring or analyzing a characteristic of the biological 
fluid, such as for the concentration of an analyte. 
Discussion of the Art 

1 5 The prevalence of diabetes has been increasing markedly in the world. At this 

time, diagnosed diabetics represent approximately 3% of the population of the United 
States. It is believed that the total actual number of diabetics in the United States is 
much higher. Diabetes can lead to numerous complications, such as, for example, 
retinopathy, nephropathy, and neuropathy. 

20 The most important factor for reducing diabetes-associated complications is the 

maintenance of an appropriate level of glucose in the bloodstream. Proper maintenance 
of the level of glucose in the bloodstream may prevent and even reverse many of the 
effects of diabetes. 

Traditional glucose monitoring devices operate on the principle of taking blood 
25 from an individual by a variety of methods, such as by needle or lancet. This is a 

multiple step process. First, a needle or lancet is used to make a hole in the individual's 
skin deep enough to obtain blood. Next, the individual applies a drop a blood to a strip 
which contains chemistry that interacts with the blood. Finally, the strip is inserted into 
a blood-glucose meter for measurement of glucose concentration based on a change in 
30 reflectance of the strip. 



WO 99/44507 



PCT/US99/04983 



2 

These traditional glucose monitoring systems require that an individual have 
separately available a needle or lancet for extracting blood, separately available strips 
carrying blood chemistry for creating a chemical reaction with respect to the glucose in 
the blood stream and changing color, and a blood-glucose meter for reading the change 
5 in color indicating the level of glucose in the bloodstream. The level of blood glucose, 
when measured by a glucose meter, is read from a strip carrying the blood chemistry 
through a well-known process. 

There are other technologies being developed to provide an alternative to the 
conventional blood glucose monitoring procedures. One such technology involves 
10 measuring the level of glucose in interstitial fluid. In order to obtain samples of 
interstitial fluid, the barrier function of the stratum corneum must be overcome. 

Published PCT application WO 9707734 entitled "Microporation Of Human 
Skin For Drug Delivery and Monitoring Applications," to Eppstein et al., discloses a 
method of ablating the stratum corneum to form at least one micropore by treating a 
15 selected area of the stratum corneum with an effective amount of an optically absorbing 
compound, such as a dye, that exhibits strong absorption over the emission range of a 
pulsed light source and thermally ablating the stratum corneum by optically heating the 
dye. Heat is conductively transferred by the dye to the stratum corneum to elevate the 
temperature of tissue-bound water and other vaporizable substances in the selected area 
20 above the vaporization point of water and other vaporizable substances. Another 

microporation technique disclosed in that application involves the use of a solid thermal 
probe that is applied directly to the tissue. To the individual, these techniques are much 
less painful than using a lancet, if not completely painless. 

Another technique for removing the stratum corneum is by direct absorption of 
25 optical energy. See, for example, U.S. Patent No. 4,775,361 to Jacques et al. 

In sum, there are several ways of making small holes in the tissue including 
breaching the tissue mechanically with a needle or lancet, removing layers of tissue by 
thermal ablation techniques described above, or by the direct absorption of optical 
energy. 
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There is room for improving glucose monitoring technologies. In particular, it 
is desirable to integrate several functions of the glucose monitoring procedure into a 
single device. Preferably, this device would facilitate the harvesting of a biological 
fluid, such as interstitial fluid, by making one or more small holes in the tissue, and the 
5 analysis of the biological fluid to determine a measure of a characteristic of the 
biological fluid, such as glucose level. 

SUMMARY OF THE INVENTION 
Briefly, the present invention is directed to an integrated device for harvesting 
biological fluid, such as interstitial fluid or blood, from tissue and analyzing the 

10 biological fluid. Several embodiments of an integrated device are disclosed. 

In general, the integrated device comprises at least a first layer that supports a 
porating element, and which is to be placed in physical contact with the tissue surface. 
An optional second layer overlies the first layer with a space therebetween. A sensor is 
disposed between the first and second layers, or otherwise at a location on or about the 

1 5 first layer so as to be wetted for harvesting biological fluid. The porating element takes 
on one of several forms, such as a mechanical porating element or a heat conducting 
element that is heated either by the application of electrical energy or by the application 
of optical energy. In the case where the porating element is a heat conducting element, 
the heat conducting element (or probe) heats up and transfers thermal energy by 

20 conduction to the tissue to which the device is applied, such as skin. The tissue is 

ablated so as to form at least one opening or micropore therein. Interstitial fluid, or if 
the opening is deep enough, blood, is collected from the opening formed in the tissue. 
In addition, the surface tension of the collected fluid in the integrated device is 
manipulated to enhance and expedite the overall analysis process. For example, an 

25 optional wicking mesh or a capillary channel is provided to facilitate the flow of 
biological fluid to the sensor. 

In addition, the present invention is directed to a method for harvesting 
biological fluid from tissue and analyzing the biological fluid, comprising steps of: 
placing a layer in contact with a surface of tissue; forming at least one hole in the 

30 tissue; collecting biological fluid from the tissue through at least one opening in the 
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layer; and wetting a sensor that is positioned in fluid communication with the at least 
one opening in the layer with biological fluid to measure a characteristic of the 
biological fluid. The at least one opening in the tissue is created by any of the poration 
techniques described above, including thermal ablation, direct absorption ablation or 
5 mechanically creating a hole in the tissue with a mechanical porating element. 

Several techniques are provided for enhancing the fluid collection in the 
integrated device, including the application of negative pressure, positive pressure, 
sonic energy, etc. 

The above and other objects and advantages of the present invention will 
0 become more readily apparent when reference is made to the following description, 
taken in conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a comprehensive diagram of an analyte assay system including an 
integrated device according to one embodiment of the present invention. 

FIG. 2 is a comprehensive diagram of an analyte assay system including an 
integrated device according to another embodiment of the present invention. 

FIG. 3 is a partial cross-sectional view of the integrated device according to the 
first embodiment showing how biological fluid is collected and delivered to an assay 
pad. 

FIG. 4 is a top view showing the arrangement of the sense electrodes and sensor 
of the integrated device according to the first embodiment. 

FIG. 5 is a side view of the integrated device showing the application of a 
deformation force to the integrated device of the first embodiment. 

FIG. 6 is a comprehensive diagram of an analyte assay system and showing a 
cross-sectional view of an integrated device according to still another embodiment of 
the present invention. 

FIG. 7 is a side cross-sectional view of the integrated device shown in FIG. 6. 
FIG. 8 is a perspective view of a hand-held assay unit and integrated device 
associated therewith according to still another embodiment of the present invention. 

FIG. 9 is a perspective view of the integrated device according shown in FIG. 8. 
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FIG. 10 is a cross-sectional view taken through line 10-10 of FIG. 9. 

FIG. 1 1 is a cross-sectional view of an integrated device according to another 
embodiment of the present invention. 

FIG. 12 is a bottom view of the integrated device of FIG. 11. 
5 FIG. 13 is a side cross-sectional view of an integrated device having a sensor 

which is optically read. 

FIG. 14 is a top view of an integrated device that is optically read. 

FIG. 15 is a top view of a pneumatic sealing system used in conjunction with an 
integrated device. 

10 FIG. 16 is a side view of a pneumatic sealing system shown in FIG. 15. 

FIG. 17 is an enlarged side view of the use of a mechanical pressure device with 
an integrated device. 

FIG. 18 is an enlarged side view showing the effects of the mechanical pressure 
device shown in FIG. 17. 
15 FIGs. 19 and 20 are schematic diagrams showing the application of sonic 

energy in conjunction with the integrated device. 

FIG. 21 is a side view of an integrated device according to another embodiment 
of the invention in which the poration elements are mechanical porating elements. 

FIG. 22 is a partial perspective view showing the integrated device of FIG. 21 in 
20 greater detail. 

DETAILED DESCRIPTION OF THE DRAWINGS 

Definitions 

As used herein, the expression "biological fluid" is intended to include blood 
serum or whole blood as well as interstitial fluid. "Interstitial fluid" is the clear fluid 

25 that occupies the space between the cells in the body. The term "stratum corneum" 

means the outermost layer of the skin, consisting of from about 15 to about 20 layers of 
cells in various stages of drying out. The stratum corneum provides a barrier to the loss 
of water from inside the body to the external environment and from attack from the 
external environment to the interior of the body. The term "epidermis" means the 

30 metabolically active region of the skin. It is found just below the stratum corneum and 
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is approximately 10 times as thick as the stratum corneum. The epidermis does not 
contain blood transport structures, i.e., capillaries. The term "dermis" means the region 
of skin approximately 10 times as thick as the epidermis and found just below the 
epidermis. The dermis contains large amounts of collagen, which provides structural 
5 integrity to the skin. The dermis contains a layer of small blood capillaries that provide 
oxygen and nutrients to the rest of the layers of skin. 

As used herein, the term "tissue" means an aggregate of cells of a particular 
kind, together with their intercellular substance, that forms a structural material. At 
least one surface of the tissue must be accessible to electromagnetic radiation so that 

1 0 one embodiment of the invention can be carried out. The preferred tissue is the skin. 

Other tissues suitable for use with this invention include mucosal tissue and soft organs. 

As used herein, "ablation" refers to the process of controlled removal of a 
selected area of tissue from the surrounding tissue by kinetic energy released when the 
temperature of vaporizable substances in the selected area is rapidly elevated above the 

1 5 vaporization point thereby flash vaporizing some of the tissue in the selected area. 

As used herein, "poration," "microporation," or any such similar term means the 
formation of a small hole, opening or pore to a desired depth in or through a biological 
membrane, such as skin or mucous membrane, or the outer layer of an organism to 
lessen the barrier properties of this biological membrane to the passage of biological 

20 fluids, such as analytes from within the biological membrane or the passage of 

permeants or drugs from without the biological membrane into the body for selected 
purposes, or for certain medical or surgical procedures. The size of the hole or 
"micropore" so formed is approximately l-1000fxm in diameter. It is to be understood 
that the term "micropore" is used in the singular form for simplicity, but that it multiple 

25 openings or pores may be formed by the integrated device according to the present 
invention. 

As used herein, the term "integrated device" means a device suitable for 
forming small holes or micropores in tissue, collecting a biological fluid from the tissue 
(preferably through the micropores so created) and analyzing the biological fluid to 

30 determine a characteristic thereof 
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As used herein, "sonic energy" refers to mechanical pressure waves with 
frequencies from 10 Hz to 1000 MHz. 

The term "porating element" is meant to include any means of forming a 
micropore, hole or opening described above, including by thermal ablation, 
5 mechanically breaching the tissue by lancet or needle, and other known techniques. An 
example of a mechanical porating element is disclosed in commonly assigned published 
PCT application WO 9800193, entitled, "Multiple Mechanical Microporation Of Skin 
Or Mucosa." 

The term "heated probe" or "heat conducting element" means a probe, 

1 0 preferably solid phase, which is capable of being heated in response to the application 
of electrical or electromagnetic (optical) energy thereto for achieving thermal ablation 
of the tissue. For simplicity, the probe is referred to as a "heated probe" or "heatable 
probe" which includes a probe in a heated or unheated state, but which is heatable. 

Several embodiments of the integrated device are disclosed herein. In each of 

1 5 the embodiments, a porating element is provided that is used for form at least one 
opening in the tissue and in the layer that is in contact with the skin. In some 
embodiments, the porating element is a heated probe or heat conducting element which, 
when heated, forms at least one opening, i.e., a micropore, in the tissue. What is 
common among these embodiments is that the heated probe is heated such that the 

20 temperature of tissue-bound water and other vaporizable substances in a selected area 
of the surface of the tissue, such as the stratum corneum, is elevated above the 
vaporization point of water and other vaporizable substances thereby removing the 
surface of the tissue in the selected area. Consequently, the heated probe forms a 
micropore in the surface of the tissue approximately 1-1000 jam in diameter. 

25 Some of the microporation techniques described herein are further described in 

published PCT application WO 9707734, the entirety of which is incorporated herein 
by reference. 

Referring first to FIGs. 1, an analyte assay system is shown at reference numeral 
10 comprising an integrated device 100. The configuration of the integrated device 100 
30 is shown in a simplified manner so as to illustrate several basic elements of the 
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inventive integrated device. The integrated device 100 comprises a substrate layer 110 
that includes an optically transparent window 1 12 on at least a portion thereof. An 
analyte sensor 120 is disposed on an under-surface of the substrate layer 110. In the 
embodiment of the invention where the analyte sensor 120 is an electrochemical 
5 biosensor, the integrated device 100 has electrode leads 122 that connect to the analyte 
sensor 120 and to a processing circuit 20. 

A layer of photothermal material 130 is provided on the bottom surface of the 
substrate 1 10 or directly applied to the tissue surface from which biological fluid is to 
be collected. In addition, a layer of adhesive may be applied to certain bottom surfaces 

1 0 of the substrate 1 1 0 to hold the integrated device onto the tissue surface and prevent 
biological fluid from being drawn between the tissue surface and the bottom layer of 
the integrated device 110. The integrated device 100 could be a one-use disposable 
element, or could be suitable for multiple uses. The photothermal material layer 130 
also serves to seal the bottom surface of the integrated device 100 to protect the analyte 

15 sensor 120 from the external environment. Suitable compounds for the photothermal 
material are described in the aforementioned published PCT application, WO 9707734, 
and in U.S. Provisional Application No. 60/077,135, which is incorporated herein by 
reference. Alternatively, a hole or opening may be provided at the location of the 
optically transparent window 112, and a quantity of photothermal material is disposed 

20 directly on the tissue surface, or on a bottom surface of the integrated device 100. 

The integrated device 100 and all other specific embodiments described 
hereinafter, are designed to form micropores in tissue, collect fluid from the tissue, and 
analyze the fluid in a single (integrated) step. As an example, FIG. 1 shows a stratum 
corneum layer SC and epidermis E of skin. The micropores may be of a depth that 

25 extends into the stratum corneum SC, or may extend through the stratum corneum to 
(and into) the epidermis layer E. The micropores may go still further through the 
epidermis layer E into the vascularized dermal layer to obtain whole blood as the fluid 
sample, rather than just interstitial fluid. 

In operation, optical energy from a source 30, such as a laser diode, is projected 

30 through the optical window 1 12 of the integrated device 100. A focusing lens 32 may 
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be provided to focus the beam onto the integrated device 100. The optical energy from 
the source 30 is focused onto the layer of photothermal material 130. The photothermal 
material 130 heats up in response to absorbing the optical energy and transfers heat to 
the surface of the tissue. Once sufficient heat is transferred to the surface of the tissue, 
5 a micropore is formed in the tissue, such as into the stratum corneum SC. In the 
process, the photothermal material 130 vaporizes together with the layers of stratum 
corneum that are affected by the heat conducted from the optically heated photothermal 
material 130. Consequently, the micropore M formed in the tissue creates a path into 
the integrated device 100. Similar size openings are formed in the photothermal 

1 0 material 1 30 at the bottom portion of the integrated device 100 so as to permit flow of 
fluid into the integrated device 100. 

More specifically, the micropore M can permit interstitial fluid in the tissue to 
flow into the integrated device 100 and eventually to contact the sensor 120. The 
sensor 120 then reacts to the interstitial fluid to measure a concentration of an analyte, 

1 5 such as glucose. The processing circuit 20 is any well known glucose measuring circuit 
that is capable of measuring the output of an electrochemical analyte sensor and 
producing a reading correlated to the concentration of a target analyte in biological 
fluid, such as glucose. 

Alternatively, as shown in FIG. 13, a colorimetric assay system may be 

20 employed, instead of the electrochemical one shown in the version of the integrated 

device of FIG. 1. The colorimetric assay system used in conjunction with an integrated 
device is described hereinafter in conjunction with FIG. 13. 

A control circuit 40 may be provided that is connected to the source 30 and to 
the processing circuit 20. The control circuit 40 may further process the assay 

25 measurement made by the processing circuit 20 to drive a display 50 in order to display 
the assay measurement. In addition, as an optional enhancement, sonic energy may be 
applied to the microporated tissue by a sonic transducer 60 that is coupled to the tissue 
by a portion of the substrate layer 110 that is made of suitable acoustically coupling 
material. The sonic transducer 60 may be a piezoelectric device, a magneto-restrictive 

30 device or a small electromagnetic transducer, such as a miniature audio speaker element 



WO 99/44507 



PCT/US99/04983 



10 

of a moving coil, moving magnet or electrostatic design. The sonic energy coupled to 
the tissue acts as a driving force to direct interstitial fluid into the integrated device 100. 
Moreover, the sonic transducer 60 may be comprised of one or more separate elements 
each of which may be individually controlled to achieve different effects on the focus 
5 and energy density of the sonic energy within the system. 

The sonic energy may be focused or formed by a beam former 70. The beam 
forming may be achieved via a combination of one or more elements 70 which are 
placed in the propagation path of the sonic waves emitted by the transducer 60. By 
selectively altering the propagation velocity of the sonic waves, these elements can be 

10 shown to produce a redirection of this energy and if desired a focusing can be achieved, 
similar to the way diffractive elements in an optical lens system effect the light waves 
passing through them. A plano-concave aluminum element may be placed on the 
surface of the transducer. The radius of the concave cutout nominally defines the focal 
point of the system. Alternatively, a focus of sonic energy may be achieved by using 

1 5 multiple sonic sources operated in a coordinated fashion to form a phased array wherein 
energy peaks and nulls are defined by the additive superpositioning of the sonic energy 
waves. 

With a sonic energy system, one can also easily create a standing wave pattern 
wherein the natural resonance of the system creates localized stationary energy peaks. 

20 Once a standing wave has been established, only a small amount of additional energy is 
needed to maintain it at this same amplitude. Also, subtle perturbations in the system 
such as a small shift in frequency or a separate action which affects the systems natural 
resonance can cause the standing wave to move in a controllable and predictable 
fashion allowing manipulation of the fluid sample as desired. Using multiple 

25 transducers, one can also establish a standing wave and easily control the position, 
amplitude and period between wave peaks. 

Further, vacuum (negative pressure) may be applied to the microporated site to 
assist in the harvesting of the biological fluid into the integrated device so as to make 
contact with the sensor. Likewise, positive pressure may be applied to the integrated 

30 device 100 with a downward force on the integrated device 100 to force fluid to move 
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towards the sensor 120. The application of positive pressure is described in more detail 
hereinafter. 

To enhance the flow of the fluid to the sensor 120, the surface tension effects 
may employed. For example, surfactant compounds are optionally applied to surfaces 
5 of the integrated device 100 to direct fluid flow to the sensor. Furthermore, a mesh 140 
may be provided in the integrated device 100 to wick interstitial fluid towards the 
sensor 120. The mesh 140 is positioned and clamped between top and bottom layers of 
the integrated device, or may be held in place by small thermal welds, glue, or 
mechanical spacers. The mesh 140 acts by a surface tension mechanism to move the 

1 0 biological fluid to the sensor. Still further, a capillary channel may be formed between 
the top and bottom layers of the integrated device 100, thereby creating surface tension 
effects to move the fluid to the sensor 120. 

The mesh 140 may be treated with a surfactant compound as well. Further still, 
surfaces of the integrated device 100 where it is desired that interstitial not flow may be 

1 5 treated with hydrophobic compounds. The mesh 140 will also displace volume in the 
integrated device to thereby reduce the volume of interstitial fluid needed for an 
adequate assay measurement. The technique of treating a wicking mesh layer with 
surfactants to transport a fluid to an assay sensor is known in the art. See, for example, 
U.S. Patent No. 5,271,895 to McCroskey et al. Other examples of known uses of 

20 surfactant treated layers are disclosed in U.S. Patent Nos. 3,992,158 to Przybylowicz et 
al., 4,050,898 to Goffe, deceased et al., 3,912,457 to Ogawa et al., 4,053,381 to 
Hamblen et al., 4,774,192 to Terminiello et al., and 4,839,296 to Kennedy et al. 

Still further, the sensor 120 may be a type that has modified surface tension 
properties achieved by treatment with a surfactant compound. Such sensors are well 

25 known in the art, and include assay pads or strips manufactured and distributed by 
Medisense, Boehringer Mannheimn, Kyoto Dai-ichi (KDK), Miles-Bayer, and 
Lifescan. Specifically, by way of example only, and not by limitation, electrochemical 
and colorimetric strips made by Medisense, Boehringer Mannheimn, Miles have proven 
suitable. Likewise, electrochemical strips made by KDK and the colorimetric strip 
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made by Lifescan are also suitable. A specific example of a sensor that is treated with a 
surfactant is the Elite strip manufactured and sold by Miles-Bayer. 

In practice, the sensor used in the integrated device according to the present is 
smaller in size than the assay strips traditionally used in blood-glucose monitoring 

5 systems. 

Examples of thickness dimensions for the various components of the integrated 
device are as follows. 

Element Thickness (Microns) 

Optical Window 20-1000 

10 Sensor & Electrodes 5-200 
Mesh 20-400 
Photo thermal Layer 20- 1 00 

Sonic Coupling Portion of Substrate 100-1000 
Complete Assembly 1 60-2600 

1 5 Turning to FIGs. 2-4, an integrated device 200 according to another 

embodiment is shown. The integrated device 200 is shown as part of an analyte assay 
system that is similar to system 10' shown in FIG. 1, but with additional features. The 
integrated device 200, the details of which are best shown in FIGs. 3 and 4, comprises a 
top layer 210, a bottom layer 220, and a sensor 230. The top layer 210 may be integral 

20 with the bottom layer 220. The top layer 210 has an optically transparent window 

portion 212. The sensor 230 is disposed between the top layer 210 and the bottom layer 
220. A layer of photothermal material 240 is either applied to the tissue, or is formed 
on or integrally with the bottom layer 220. Electrode leads 232 connect to the sensor 
230. Electrical connections to the integrated device 200 are preferably made with a 

25 position-invariant type of contact allowing for easy installation and removal of the 

integrated device 200 from a electrochemical sensor meter and/or optical energy source. 
FIG. 9 illustrates an embodiment that achieves this in a concentric configuration. 

An optional mesh layer 250 is provided in the integrated device to direct 
collected biological fluid to the sensor. The mesh layer 250 may be treated with a 

30 surfactant compound as explained above in conjunction with FIG. 1. 
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To assist in defining the exact volume of fluid presented to the assay chamber 
and the sensor 230 a spacer element 225 is placed between the bottom layer 220 and the 
top layer 2 1 0. The spacer element 225 specifies the volume of fluid within the active 
area of the sensor 230. Specifically, if the aspect ratio of the height (H) of the spacer 
5 225, to the width (W) of the roughly square or circular sensor 230 is less than about 0.1, 
then for all practical purposes the useable volume of fluid presented to the sensor 230 is 
defined by H*W*W. 

For some embodiments of the present invention, it may be useful to form the 
micropores some lateral distance away from the sensor 230. In such a case, a surface 

1 0 tension driven or capillary feed channel provides an efficient and volumetrically 

compact method for conducting the flow of the sampled fluid from the micropore to the 
sensor 230. This channel may be optionally filled with a mesh layer 250 similar to that 
traditionally used in a number of existing glucose monitoring strips manufactured by 
both Boehringer-Mannheim and Medisense as well as others in the industry. As 

1 5 described above, both the capillary channel and the optional mesh layer 250 may be 
treated with a surfactant compound to enhance the fluid conductivity along this 
channel. 

As shown in FIG. 4, there are two electrodes 262 and 264 that extend in and 
around the sensor 230, as is well known in the art. The electrode lead 232 connects to 
20 electrode 262 and electrode lead 234 connects to electrode 264. Electrodes 262 and 
264 are the sense electrodes. Electrodes 268 and 269 shown best in FIG. 2, are the fill 
electrodes and are connected to the conductance monitor circuit 84 and to the fill 
monitor circuit 82. 

Alternatively, one of the fill electrodes 268 and 269 could be shared with one of 
25 the sense electrodes 262 and 264. For example, if a third electrode 266 were 

strategically placed to the right of electrode 262, and the fill direction was defined to be 
from the left, then when conductance was sensed between electrodes 262 and 266, this 
would indicate that the sensor was fully wetted and the reading process can be initiated 
via the sense electrodes 262 and 262. Similarly, if both a conductance monitor circuit 
30 84 and a fill monitor circuit 82 are incorporated as well as an electrochemical sense 
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system, typically a common anode or common cathode design could be used as one leg 
of each of these circuits to reduce the total number of electrical traces necessary to be 
run into the integrated device. 

In some forms of the integrated device 200, the conductance monitor circuit 84 
5 is essentially the same as the fill monitor circuit 82, but the conductance monitor is 

responsive to the very first signs of a fluid sample in the integrated device. This can be 
used to control the poration process and shut it off in a closed loop fashion as soon as 
an active pore has been formed as determined by the ability of the pore to source fluid. 
However, the fill monitor circuit 82 is responsive to determining that the sensor 230 has 

1 0 been sufficiently wetted with a fluid sample in order to begin the measurement of the 
sensor 230 by the analyte processing circuit 80. The electrode leads 232 and 234 
connect the sense electrodes 262 and 264 to the analyte processing circuit. 

A microprocessor control circuit 40' is provided, and is connected to the analyte 
processing circuit 80 and fill monitor circuit 82. The microprocessor control circuit 40' 

15 is programmed to control the interaction with the integrated device 200. The 

microprocessor control circuit 40' generates signals to display analyte measurements 
and other information on the display 50. In addition, the microprocessor control circuit 
40' controls the application of optical energy and other parameters to the integrated 
device 200 to effect the microporation and harvesting process. For example, if after the 

20 harvesting cycle has begun and some preset amount of time has elapsed during which 
the fill circuit has not detected a sufficient amount of fluid delivered to the sensor, a 
suitable error message might be displayed and the user prompted to reinitialize the 
system, install a new integrated device 200 and try again at a fresh site on the tissue 
surface. As a further enhancement, a temperature measurement may be obtained from 

25 the site and/or sensor in order to correct for temperature sensitivities in the 
measurements obtained by the sensor. 

To this end, the system 10' includes a laser control circuit 32, a laser analog 
circuit 34, a transducer control circuit 62 and a transducer analog circuit 64. 
Alternatively, both the digital control circuitry and analog output stages could be 

30 combined into a single circuit or even fabricated as a mixed mode application specific 
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integrated circuit (ASIC). With an ASIC implementation it would also be possible to 
incorporate all of the master controller microprocessor circuitry, all of the display 
drivers circuitry, and any other input-output circuitry all on the single ASIC chip, 
yielding a much simpler, potentially lower cost and more reliable system. The 
5 following discussions of the particular functions of each portion of the control and 
driver circuitry apply equally to either the discrete implementation, a partially 
integrated ASIC version or a wholly integrated ASIC version. 

The laser control circuit 32 is responsive to commands from the microprocessor 
control circuit 40' to generate analog signals that are processed by the laser analog 
10 circuit 34 to drive the optical source 30. Similarly, the transducer control circuit 62 is 
responsive to commands from the microprocessor control circuit 40' to generate analog 
signals that are processed by the transducer analog circuit 64 to drive the sonic 
transducer 60. 

An interface assembly 90 supports the sonic transducer 60, beam former 70 and 
1 5 focusing lens 32. The interface assembly further comprises an alignment member 92 
that mates with an alignment indentation or key 202 on the substrate layer 210 of the 
integrated device 200. This assures that the optical energy from the source 30 will be 
properly focused on the integrated device 200, and that sonic energy will be properly 
coupled through the integrated device 200 to the tissue. These alignment features also 
20 ensure that a proper reference is achieved between the micropore formed and the fluid 
sample collected, and further facilitates proper wetting of the sensor 230 inside the 
integrated device. 

The operation of the system 10' and integrated device 200 is as follows. Once 
the integrated device 200 is in position on the surface of the tissue, the microprocessor 

25 control circuit 40' activates the source 30. The source 30 may be a pulsed laser diode, 
and the microprocessor control circuit 40' will activate it within a predetermined energy 
range. The optical energy is focused onto the tissue surface through the substrate top 
layer 210 and onto the photothermal material 240. The photothermal material 240 is 
responsive to the optical energy to transfer heat to the surface of the tissue to form one 

30 or more micropores therein. As shown in FIG. 4, the one or more micropores M are 
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shown as being made around the periphery or in the middle of the sensor 230. In tests 
conducted, it was observed that a series of pores placed on one side of the assay pad, 
under a clear cover layer, effectively formed a capillary feed channel into the area of the 
assay pad and achieved a uniform wetting of the assay pad as the fluid front swept 
5 across it, wetting it without bubbles. Placing the fill sensor electrodes on the side 

opposite from this fill direction would generally assure that when the fill indicator was 
tripped, the assay pad could be used to correctly assay the fluid. 

The microprocessor 40' may also control the application of sonic energy. The 
application of optical energy and/or sonic energy continues until the conductance 

1 0 monitor circuit 84 senses the presence of some amount of biological fluid in the 

integrated device 200. When the conductance monitor circuit 84 detects the presence of 
biological fluid in the integrated device, the optical source 30 is deactivated. However, 
the microprocessor 200 may continue the delivery of sonic energy until the fill monitor 
circuit 82 detects that the integrated device 200 has collected sufficient biological fluid 

1 5 to make an accurate assay measurement, or until some maximum time period expires. 
Once this occurs, the biological fluid will contact the sensor 230 and an analyte 
measurement can be made by the analyte measurement circuit 80, which information is 
coupled to the microprocessor control circuit 40' for display on the display 50. The 
optional wicking mesh layer 250 (optionally treated with a surfactant compound) will 

20 assist in directing the biological fluid to the sensor. 

Another way to direct the biological fluid to the sensor 230 is by applying a 
mechanical force downward on the integrated device 200, as shown in FIG. 5. A cam 
or roller mechanism 280 is applied to the top of the integrated device to form an indent 
in the integrated device 200 along the top of the layer forming the upper boundary of a 

25 capillary channel between the top layer 210 and bottom layer 220. By letting the 

channel fill to some degree optionally until a fill sensor indicated a sufficient amount 
has been collected, the cam mechanism 280 is applied in a "squeegee" type action, 
moving the fluid sample down this channel to the sensor 230. This allows a positive, 
rapid delivery of fluid to the sensor with a minimum amount of fluid sample. 
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Furthermore, the application of negative pressure may be used to harvest the 
biological fluid into the integrated device 200. It has been shown in clinical studies that 
a small level of pressure reduction, even as little as l A ATM, can produce a steady 
outflow of interstitial fluid from the micropores. The flux rate under vacuum appears to 
5 obey an essentially linear relationship with pressure, as the pressure is reduced to 1 
ATM, however, optimal values seem to be more in the l A to 3 / 4 ATM range due to 
effects on the surrounding tissue and potential heating of the fluid sample. 

Turning to FIGs. 6-7, an integrated device 300 according to another 
embodiment is described. The integrated device 300 has a different configuration than 

10 integrated devices 100 and 200 described above. Integrated device 300 has a 

trapezoidal cross-section and comprises an optically transparent top membrane 310 and 
a bottom layer 320. A removable membrane 322 may be provided that covers the 
bottom layer 320 until the integrated device 300 is to be positioned on tissue for use. 
At least a portion of the bottom layer 320 may be treated with a photothermal material 

1 5 324. Optionally, the membrane 322 is not removable and comprises a thin film of an 
optically absorbent photothermal material designed to vaporize during the 
microporation process. According to still another alternative, the tissue itself may be 
treated with photothermal material before the integrated device 300 is positioned on the 
tissue. The bottom layer 320 would be made of optically transparent material that 

20 vaporizes in the presence of the thermal energy created during poration, or this portion 
of the bottom layer may be removable just prior to applying the integrated device to the 
pre-treated area of the tissue surface. 

Further, at least a portion of the bottom layer may be treated with an adhesive so 
that the integrated device 300 is secured to the surface of the tissue. The adhesive 

25 serves several functions. First, it preserves proper registration of the openings created 
in the integrated device with the openings created in the tissue to collect the fluid 
sample. Second, it allows for attachment of the device to the tissue so that an 
individual can operate it hands-free. Third, the adhesive will form a vacuum seal 
between the bottom layer of the integrated device and the tissue surface, thereby 
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preventing biological fluid from passing beneath the integrated device uncollected. The 
vacuum seal also facilitates the application of negative pressure to the harvesting site. 

The integrated device 300 comprises a chamber 330 to collect biological fluid in 
the center portion of the device. The chamber 330 is cylindrical in shape as shown in 
5 FIGs. 6 and 7. A sensor 340 is disposed on at least a portion of the inner wall of the 
chamber 340. Although FIGs. 6 and 7 show a cylindrical chamber, any other shape 
convenient to a particular application may be used for the chamber. For example, if the 
integrated device is manufactured in large quantities, a flat walled shape, such as a 
triangle, square or pentagon, in which the active sensor pad is placed on one of these 
10 walls. 

As best shown in FIG. 7, a typical electrical wiring diagram is shown to support 
most electrochemical sensors used to date. There are an anode 342 and cathode 344 
that connect to the sensor 340 each of which extends outward from the center of the 
integrated device 300. In addition, a reference electrode 352 and a sense electrode 354 

15 are provided that connect to the sensor 340. 

Optionally, the integrated device 300 may include additional electrodes to 
support the "fill" and "conductance" features described above, or even if the 
electrochemical assay system used requires additional electrical interfaces to function 
optimally. The reference electrode is useful for many electrochemical assays to provide 

20 a self calibrating feature wherein the actual assay reaction can be read as more of a 
difference measurement across a balanced impedance bridge. The sense electrode 
could be the assay output, which is similar to the "fill" or a "conductance" signal 
described above. Although dedicated anode and cathode terminals are shown, it is 
common practice to use one or the other of these as the sense electrode and share the 

25 other one with the reference electrode. The electrode configuration shown in FIGs. 6 
and 7 indicates that the integrated device 300 supports the use of many of electrode 
configurations. 

Disposed around the chamber 330 between the top membrane 310 and the 
bottom layer 320 is an acoustic lens 360 formed of material suitable for coupling sonic 
30 energy. For example, the acoustic lens 360 is formed of silicone material molded into a 
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shape suitable for being disposed inside the integrated device 330. A lens material of a 
suitable durometer value will ensure sufficient sonic coupling to the tissue beneath, and 
also achieves pneumatic sealing if suction or negative pressure is used in the harvesting 
process. Sonic transducers 370 are positioned on the lateral surfaces of the integrated 
5 device to deliver sonic energy to the tissue through the acoustic lens 360. In order to 
facilitate alignment of the integrated device 300 with the remaining components of an 
assay system (similar to that shown in FIGs. 1 and 2), there is a reference hole 380 
provided on the surface of the integrated device 300. The integrated device 300 may be 
contained within a housing 390 that includes an optical focusing lens 392 molded 

10 therein to focus optical energy from source 30 onto the photothermal material 324. 

The operation of the integrated device 300 is similar to the descriptions above of 
integrated devices 100 and 200. However, the biological fluid harvested by the 
integrated device 300 is collected in the chamber 330 and contacts the sensor 340 
placed on the side walls of the chamber 330, rather than a planar sensor shown in the 

15 previous embodiments. 

Turning to FIGs. 8-10, an integrated device 400 according to a third specific 
embodiment will be described. The integrated device 400 is designed for use with a 
hand-held unit 500 that processes assay measurements obtained by the integrated 
device 400 and displays the measurements on a display 510. 

20 The integrated device 400 is a disc-shaped member that supports the 

components for fluid harvesting and assay measurement. The integrated device 400 
comprises a substrate member 410 configured in a circular shape and having flanges 
412 that snap fit onto a bottom portion of the hand-held unit 500. A sensor 420 is 
positioned at a central location on one surface of the integrated device 400. First and 

25 second electrodes (anode and cathode) 432 and 434 extend concentrically on the bottom 
surface of the substrate 410 and make connection from opposite sides to the sensor 420. 
An optional mesh 440 may be disposed over the sensor 420. The mesh 440 may be 
treated with a suitable surfactant compound described above. A layer of photothermal 
material 450 is disposed over the opening placed on the bottom of the integrated device 
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to allow the harvested fluid to wet the sensor 420, or the tissue itself is treated with 
photo thermal material 450. 

The integrated device 400 is operated by attachment to the hand-held unit 500 
and positioned on the surface of the tissue to be microporated. The hand-held unit 
5 contains the optical source to focus optical energy onto the photothermal layer 450 to 
form one or more micropores in the tissue. Biological fluid from the tissue makes 
contact with the sensor 420 (preferably with the assistance of the mesh layer 440). The 
hand-held unit 500 includes processing circuitry that electrically couples to the 
electrodes 432 and 434 to obtain an assay measurement from the sensor 420. The hand- 
1 0 held unit 500 is activated by engaging the integrated device 400 against the tissue 

surface with sufficient pressure together with pressing an activation button on the hand- 
held unit 500. 

In the previous embodiments of the integrated device, the poration process is 
based on the application of optical energy to an absorber target which in turn heats up 

1 5 sufficiently to conductively deliver enough thermal energy to the skin to ultimately 
cause the desired thermally induced microporation. An alternative approach to 
delivering this heat energy to the poration sites involves the placement of an electrically 
heated probe directly at the poration site. The temperature of the electrically heated 
probe is modulated as needed to effect the microporation process. 

20 A schematic representation of an integrated device 600 employing an 

electrically heated probe (heat conducting element) is shown in FIGs. 1 1 and 12. The 
integrated device 600 comprises a layer 610, an optional mesh layer 620, and a sensor 
630, which in this example, is a colorimetric sensor. It should be understood, however, 
that this same concept could easily be modified to employ the electrochemical 

25 biosensor. Moreover, as described in the foregoing, many of the aspects of the 

assay/ fluid management systems of the device are optional, such as the use of the mesh 
layer 620, surfactant treated portions of the fluid management chamber, optically 
transparent windows in the layers to allow the reading of a colorimetric assay, methods 
for applying sonic energy, vacuum or negative pressure, mechanical manipulation, etc. 
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In the integrated device 600, there is provided at least one electrically heated 
probe 640. The types of electrically heated probes that are suitable are disclosed in the 
aforementioned published PCT application, WO 9707734, which is incorporated herein 
by reference. 

5 As shown in more detail in FIG. 12, the electrically heated probe 640 comprises 

an electrically conductive element or wire 642 provided on the bottom surface of the 
layer 12. Three electrically conductive elements 640 are shown as an example, though 
any number of them may be provided. An electrical conductor 644 extends the length 
of the layer 610 and terminates in a "T" that extends laterally across one end of the 
1 0 layer 610. Three other electrical conductors, 650, 652 and 654 extend the length of the 
layer 610 and terminate at a plurality of points near the termination of conductor 644. 
The three elements 640 are connected to conductor 642 and respectively to conductors 
650, 652 and 654. 

The electrical conductors 644, 650, 652 and 654 required to activate the 

1 5 elements 640 (also called poration elements hereinafter) can be made through the same 
type of connectors used to interface to the electrical output electrochemical biosensor. 
Each poration element 640 can be activated individually through the appropriate 
selection and energization of the conductors 650, 652 and 654. It may be advantageous 
to excite all poration elements 640 simultaneously, thereby enabling either a series or 

20 parallel wiring design, reducing the number of interconnections to the disposable 

poration system and facilitating a more rapid poration process. If only one element 640 
is provided, then at least two conductors are provided for supplying electric current 
through the heatable element. One of these conductors may be shared with the assay 
sensor/fill/conductance circuitry as a common anode or cathode, thereby necessitating 

25 the additional of only one electrical connection to the integrated device. 

These electrically activated thermal poration elements could be installed on a 
conventionally manufactured assay strip as an additional post-processing step. 
Preferably, the conductors 644, 650, 652 and 654 are embedded within the tissue- 
contacting layer so as not to be exposed on the bottom surface thereof, but to enable 

30 sufficient electrical connection to the one or more heated elements 640. 
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Each of the elements 640 functions as a solid thermal probe and is electrically 
heated so that the temperature of the tissue, if skin, is raised to a temperature greater 
than 123 C. For example, each element comprises a 100 to 500 micron long 50 micron 
diameter tungsten wire. These tungsten wires are typically laid flat against some form 
5 of backing (such as the tissue-contacting layer 12) which naturally limits the depth of 
penetration of the wire into the tissue (by virtue of the diameter of the wire). The 
temperature of the wire may be modulated according to the techniques disclosed in the 
aforementioned PCT publication. 

The inlet ports to the fluid management chamber of the integrated device 600 

1 0 may be small holes in the tissue-contacting layer across which the wires 640 extend. 
Alternatively, a meltable or vaporizable membrane is placed above the wires 640. 
When energized, the wires melt a hole in this membrane, creating an inlet port to the 
fluid management chamber at each location of the wires 640. 

A system can be designed wherein the electrically heated poration elements 640 

1 5 are contained in a separate component or device, which may be reusable. These 

elements would be replaced when it is detected that they are worn sufficiently to require 
replacement, or routinely, such as on a weekly basis, similar to a diabetic subject's 
replacement of a lancet tip in a fingertip lancing blood-drawing device. 

In all of the foregoing embodiments of the integrated device and assay system 

20 according to the present invention, the type of optical energy source may be any of 
those described in the aforementioned PCT application WO 9707734. Likewise, the 
types of substances used for the photothermal material are disclosed in PCT publication 
WO 9707734 and the aforementioned U.S. provisional application, which is also 
incorporated herein by reference. 

25 In the foregoing embodiments of the integrated device, the sensor used to react 

with the harvested biological fluid and measure a characteristic of the fluid may be an 
electrochemical biosensor comprised of a layer or layers of chemicals capable of 
reacting with an analyte in a collected biological fluid to produce a measurable 
electrical response (as specifically shown in some of the foregoing embodiments). U.S. 

30 Patent Nos. 4,545,382 and 4,71 1,245 describe detecting layers capable of generating a 
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measurable electrical signal in response to glucose in blood. The electrical signals are 
measured by a measuring circuit (such as the one shown in FIGs. 1 and 2 at reference 
numerals 20 and 80, respectively) obtained by electrical leads connected to electrodes 
in or around the active area of the biosensor. Alternatively, the sensor may be a 
5 colorimeter sensor, a fluorescent intensity-based sensor or a fluorescent life-time based 
sensor. Examples of electrochemical biosensors that are suitable for use in the 
integrated device are those manufactured by Medisense, Boehringer Manheim, KDK, 
etc. 

If a colorimeter sensor, a fluorescent intensity-based sensor or a fluorescent life- 

1 0 time based sensor is used, the sensor is "read" by an arrangement shown in FIGs. 13 
and 14. The integrated device shown in FIG. 13 may be any one of those described in 
the foregoing embodiments. The sensor to be optically read is shown at reference 
numeral 700. The sensor 700 is held in sufficient registration to enable the optical field 
of view 730 of an optical meter 720 to be placed nominally in the center of the region 

1 5 of the colorimetric sensor wetted by biological fluid. The field of view of the optical 
meter 720 is optically cropped such that it conservatively under fills the area known to 
be wetted by the fluid sample. This reduces both the precision required during 
manufacture of the integrated device and the degree of initial and maintained 
registration of the integrated device on the meter and the individual, thus reducing cost 

20 and increasing reliability. In addition, this reduces the actual volume of biological fluid 
required to produce an accurate reading of the amount of the selected analyte present in 
the biological fluid. Colorimetric sensor technology for measuring glucose 
concentration is well known in the art. Furthermore, examples of fluorescent based 
sensor technology are disclosed in U.S. Patent Nos. 5,660,991; 5,631,169; 5,624,847; 

25 5,504,337; 5,485,530 and 5,281,825, all to Lakowicz et al. 

Specifically, it is a standard in the field of disposable assay strips to completely 
wet an area of the reagent treated portion of the assay strip much larger, typically 5 to 
1 0 times larger, than the total area actually read by the meter. This practice allows 
relaxation of manufacturing tolerances in many parts of the system. This is also a 

30 common feature in the "fmgerstick" blood-based glucose monitoring systems due to the 
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physical difficulty of the user placing a smaller sample only on the actual target spot as 
well as the need for most whole blood-based systems to separate the corpuscular 
components from the serum. By incorporating the automatic registration of the 
micropores M with the sensor 700 through the design of the device, the assay process 
5 can be conducted accurately with a much smaller sample of the fluid than the typical 
fluid based disposable assay technology currently available. 

If the assay technique used in connection with the integrated device is based on 
a fluorescent intensity technology, the colorimetric sensor 700 is treated with a probe 
fluorophore. A reaction between a probe fluorophore and the selected analyte produces 

1 0 a predictable change in the fluorescent intensity of the probe molecules when excited 

with a particular optical wavelength such that the subsequent fluorescence is detected at 
a selected longer wavelength. Optionally, the fluorescent probe is selected such that it 
can emit in two different wavelength bands, wherein the intensity of energy in only one 
of the bands is predictably modified by the varying concentration of the selected 

1 5 analyte. A ratiometric processing of the two different fluorescent intensities can be 
employed, thereby simplifying the calibration of the reading and allows for self- 
adjustment for different amounts or areas of the colorimetric sensor wetted with the 
biological fluid. Moreover, the fluorescent interrogation field of view may be defined 
by the intersection of the incident excitation light and the look field of the fluorescent 

20 receive channels. 

Further still, the assay technique used in conjunction with the integrated device 
may be based on a fluorescent lifetime based assay technology. In this case, a reaction 
between a probe fluorophore, with which the colorimetric sensor 700 is treated, and the 
selected analyte produces a predictable change in the fluorescent lifetime of the probe 

25 molecules when excited with a particular wavelength. The subsequent fluorescent 
lifetime is detected at a selected longer wavelength. The detection of the fluorescent 
lifetime may be accomplished by either measuring directly the decay of the 
fluorescence in response to a known pulse shape of excitation light, or by measuring the 
phase shift and modulation depth of the fluorescent signal in response to the excitation 

30 of the sensor by a periodic modulated light source at the appropriate excitation 
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wavelength. By basing the quantification of the analyte on a time resolved 
measurement, much of the difficulty associated with the calibration of an absolute 
intensity based measurement is overcome. Also, the signal-to-noise aspects of such a 
system are easily optimized. For example, in a phase detection system, it is routine to 
5 integrate for a sufficient period of time in order to resolve the phase to any level 

needed. Consequently, very small amounts of the probe molecule and biological fluid 
are required to achieve the desired level of quantification of the selected analyte, 
yielding additional benefits in the potential reduction of the required biological fluid 
sample volumes to the levels of only a few hundred nanoliters. 

1 0 The integrated device according to the present invention may be used in a 

continuous monitoring system. The system could be integrated with other devices, 
including an insulin pump. The continuous monitoring system would provide a real- 
time feedback to achieve a closed loop artificial pancreas system without requiring an 
implant. The integrated device would be connected to a "smart" insulin pump that 

1 5 would respond initiate a glucose measurement (or one would be initiated on demand by 
the patient) and would administer an appropriate amount of insulin depending on the 
glucose measurement obtained. 

In all of the foregoing embodiments on the integrated device, each has a fluid 
management chamber designed to direct the biological fluid collected to the sensor. 

20 The surfaces of the fluid management chamber may be selectively treated with 

chemical substances, such as a wicking agent, or a surfactant to induce the migration of 
fluid in a particular direction, i.e., to the sensor. Alternatively, certain portions of the 
surfaces of the layers in the fluid management chamber, such as the tissue-contacting 
layer, may be treated with a hydrophobic compounds or substances to direct the 

25 biological fluid away from a selected region or regions where it is not desired for the 
biological fluid to migrate and to direct the biological fluid toward the sensor. In the 
continuous monitoring embodiments described above, additional fluid management 
considerations may have to be given to deal with the "waste" fluid which would be 
created as a fresh fluid sample where harvested and moved into the sensor area. One 

30 solution for this waste fluid is to merely expand the overflow region provided in many 
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of the current assay strip designs discussed and referenced above, to a size large enough 
to act as a fluid sink for this used fluid sample. This expanded overflow region also 
addresses the desire to keep these fluid samples contained within the integrated device 
element to maintain control over the ultimate disposal of the biological sample such 
5 that it can be handled with appropriate caution. 

Furthermore, by designing the integrated device in such a manner that the 
biological fluid management is handled with minimal dead space outside of the active 
region of the sensor, a system can be built which uses very small samples of biological 
fluid to obtain an accurate assay of a selected analyte. Tests have been conducted on 

10 commercially available systems using glucose sensing amperometric biosensors that 
incorporated all of these features and it was found that the glucose concentration in a 
sample of biological fluid smaller than 1/3 of a microliter could be quantified, by 
modifying commercially available glucose test strips. One of the additional advantages 
gained by using interstitial fluid as the fluid sample for the assay system is the almost 

15 total lack of red blood cells in the sample. Most commercial blood-strip based assay 
systems utilize some means of separating the corpuscular component from a whole 
blood sample prior to the application of the fluid sample to the assay element. In many 
cases, this process is performed by the use of some sort of wicking mesh designed to 
trap the blood cells and let only the serum move through to the assay area. These 

20 filtering approaches can use up as much as 4/5 of the original sample volume in the 
process. By using interstitial fluid, this step is no longer needed. In other words, a 
typical sample size of 3 to 10 microliters is normally required for a blood based glucose 
monitoring disposable assay strip design whereas by utilizing the ability to place an 
unfiltered interstitial fluid sample directly on the active reagent treated portion of an 

25 assay system, it has been demonstrated that quantitative readings of a selected analyte 
can be obtained with fluid samples as small as 1/3 jliL of interstitial fluid using 
modified conventional disposable assay strip technologies. 

Another example of a closed lop application of the integrated device is to collect 
and monitor the levels of a particular drug in the blood stream or other fluid, wherein it 

30 is desired to maintain the drug level within a defined serum concentration window. In 
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this case, an infusion pump would be controlled to respond, taking into account the 
total system bandwidth, and deliver small pulses of the therapeutic drug into the subject 
until the desired set point level had been reached, wherein the pump would then be put 
on standby until the drug levels dropped below the set point, thus triggering another 
5 pulse of the drug. Bandwidth in this context refers to the sum of all delays associated 
with the infusion of the drug, distribution within the body, diffusion into the fluid 
reservoirs from which the integrated device collects its fluid sample, and any additional 
delays in the sampling and processing involved before a change in the reported assay 
value would occur. Several drugs commonly prescribed could benefit from this sort of 

1 0 tight control over dosage levels such as many of the anti-seizure drugs, pain 

medications, chemotherapies, etc. In the case of pain medication, an additional control 
input could be given to the user allowing them to ask for an additional dose in an on- 
demand fashion to deal with breakthrough pain, and use the closed loop monitoring 
feature as a final safety to ensure than no toxic overdose levels would occur. 

15 Turning to FIGs. 21 and 22, an integrated device 1000 according to still another 

embodiment is shown. The integrated device 1000 is similar in many respects to the 
previous embodiments, but includes one or more mechanical porating elements. 
Specifically, the integrated device 1000 comprises a substrate layer 1010 and a plurality 
of mechanical porating elements 1030 protruding from the bottom of the substrate layer 

20 1010. The specific structure and arrangement of the mechanical porating elements are 
disclosed in commonly assigned published PCT application WO 9800193, referred to 
above, and which is incorporated herein by reference. The integrated device 1000 
further comprises an assay sensor 1020 disposed above the mechanical porating 
elements 1030. The assay sensor 1020 is any of the sensors described above. An 

25 optional additional top layer 1040 may be provided to seal the top surface of the 

integrated device. If the assay sensor 1020 is a type that is optically read, then the top 
layer 1040 is optically transparent. 

The mechanical porating elements 1030 are puncturing elements very small in 
size (10 to 50 microns), and are spaced apart from each other. With reference to FIG. 

30 22, each porating element 1 030 comprises a sharp point or edge 1032 for puncturing the 
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tissue surface. Depending on the desired depth of the micropores to be created, the 
height of the porating element 1030 will vary. The porating elements 1030 may be 
pyramid or wedge shaped, which is easily created by microfabrication techniques, such 
as microlithography. Other shapes for the porating elements 1030 may be suitable, 
5 such as that of micro-lancets or micro-needles. 

There are pluralities of holes 1050 extending from the lower side 1012 of the 
substrate layer 1010 on which the porating elements 1030 are exposed, to the upper side 
of the substrate layer 1014. Each porating element 1030 is adjacent to and paired with 
at least one hole for collecting biological fluid that seeps out of the punctured tissue. 

1 0 The holes 1050 are of suitable dimension to permit biological fluid, such as blood or 
interstitial fluid, to move by capillary action from the lower side 1012 of the substrate 
layer 1010 to the upper side 1014. The holes 1050 may be interconnected with 
channels 1060 that are formed on the upper side 1014, and the channels 1060 may 
intersect at a reservoir 1070. The assay sensor 1020 (not shown in FIG. 22 for 

15 simplicity) is then positioned on top of, partially overlapping, or adjacent the reservoir 
1 70, so that it is sufficiently wetted with the biological fluid to make a suitable 
measurement. 

As in the foregoing embodiments, the integrated device 1000 may include 
surface tension enhancements, such as a wicking mesh (surfactant treated or not) and 

20 surfactant treatment of the holes 1050 and channels 1060. The wicking mesh would be 
positioned to overlie the reservoir 1070 and thereby enhance the transport of the 
biological fluid to the assay sensor 1020. Furthermore, the integrated device 1000 may 
be modified to include any of the enhancements discussed below. 
Enhancements To Integrated Device 

25 FIGs. 1 5 and 1 6 illustrate the use of a pneumatic seal together with any one of 

the integrated devices described above. A sealing means in the form of a sealing 
assembly 800 is provided which comprises a perimeter base 802 that fits around the 
integrated device (100, 200, 300, 400, 600, 1000), and a top layer 804 that is sealed to 
the perimeter base 802, and extends above the integrated device. The sealing assembly 

30 800 pneumatically seals around the integrated device to the surface of the tissue. If the 
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integrated device is of the type that requires exposure to optical energy, the top layer 
804 is made of optically transparent material. The perimeter base 802 seals to the tissue 
surface around the integrated device, such as by an adhesive, or a tacky silicone, rubber 
or plastic element. A sealed chamber 806 is formed in the space between the integrated 
5 device and the top layer 804. A vacuum port 808 is provided in the top layer 804 for 
connection to a means for supplying negative pressure, such as a pump 820 or other 
source of negative pressure, such as a syringe, a diaphragm or some portion of the 
chamber which can be flexed outward to increase the volume of the chamber and 
thereby reduce the pressure within the chamber or the like. In addition, if an integrated 

1 0 device is used that requires connection to an electrode on the sensor and/or probe, this 
connection is made through a sealed electrical connector 810 in the top layer 804. 

The sealed chamber 106 is formed against the surface of the tissue, such as the 
skin, over the poration site(s). The pressure in the chamber 106 can be reduced to 
provide a positive pressure gradient from within the body towards the sealed chamber 

15 106 through the micropores to induce the biological fluid to exit the body and enter the 
integrated device 10 more rapidly. 

By maintaining the total internal volume of the chamber 806 as small as 
possible, only providing the needed clearance for the integrated device, the evaporative 
losses of the biological fluid can be minimized. Once the humidity inside the chamber 

20 8U6 reaches a saturation point, no more evaporative losses can occur. These 

evaporative losses can further be reduced by managing the biological fluid in a manner 
wherein the exposed surface area of the biological fluid pool that has exited the tissue is 
kept small. When induced to enter the device, the biological fluid is constrained on all 
sides other than the port(s) in the fluid management chamber at the microporated site. 

25 The side layer or wall of the fluid management chamber opposite these ports could be 
constructed with one or more very small opening(s) to create a vent allowing the 
biological fluid to fully fill the fluid management chamber, yet minimize the exposed 
surface of the biological fluid when the assay area is full, thereby reducing evaporation. 
The reduction of evaporative losses is more significant when using a vacuum-induced 

30 harvesting process because the rarefied atmosphere will accelerate any evaporation 
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process. Experiments have shown that simply keeping the volume of the chamber 
small, and providing a capillary type channel (comprised of the sensor on one side and 
a layer on the other with or without the optional wicking mesh therebetween) for the 
biological fluid to enter upon exiting the body, evaporative losses can consistently be 
5 kept under 5% over a 45 second harvesting cycle. A large chamber and an exposed 
bead of biological fluid on the surface of the skin can allow up to 30% of the biological 
fluid to evaporate during this same 45 second interval, under the same temperature 
conditions. 

An additional feature of pneumatically sealing the integrated device is that by 

1 0 virtue of its contact with the tissue, these portions of the integrated assay system 

maintain the mechanical alignment of the micropore(s) in the tissue with the inlet ports 
of the integrated device. 

FIGs. 17 and 18 illustrate the use of a mechanical system to apply positive 
pressure to the integrated device. A mechanical element 850 is provided, having a 

1 5 small opening 852, 2 mm to 4 mm in diameter. The mechanical element 850 permits 

the integrated device to slide between two opposing surfaces and contains the integrated 
device. Applying force to the mechanical element 850 presses the integrated device 
onto the skin at the poration site and thus creates a positive pressure gradient in the 
biological fluid harvested from the tissue TS, i.e., the skin, forcing it towards the 

20 micropores where it can exit the tissue and enter the inlet port(s) of the fluid 

management chamber of the integrated device (100, 200, 300, 400, 600, 1000). The 
tissue bulges into the opening 852 as shown in FIG. 18. A close registration is 
maintained between the inlet ports to the integrated device and the micropores, which 
have been, or simultaneously will be, formed in the tissue directly beneath these ports. 

25 The mechanical device 850 may be optically clear on its top portion to allow for optical 
thermal ablation and optical reading of the photometric sensor in that form of the 
integrated device. 

The application of mechanically induced pressure may be continuous, 
modulated as in a sine or triangle wave, or pulsed. The rate and modulation pattern 
30 may be optimized to take advantage of the fluidic properties of the skin tissues such as 
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the local permeabilities, and the refill or recovery rates of the tissue once some portion 
of the biological fluid has been pressed out of it. Clinical experiments have 
demonstrated that applying a few pounds per square inch of pressure to the skin with a 
flat plate having a 2 mm to 4 mm diameter hole in it surrounding the micropore(s) 
5 rapidly forces biological fluid to exit the pores and pool on the surface of the skin. In 
addition, the use of the mechanical device may be combined with vacuum to provide an 
additional biological fluid forcing function, and to possibly assist in the fluid 
management of the biological fluid as it exits the body. A further benefit of applying 
firm pressure to the system during the thermal poration process is that this pressure 

1 0 helps ensure a good thermal connection between the heat probe created by the optically 
heated absorber targets and the skin to be porated. 

One important requirement of any integrated microporation, harvesting, assay 
system is that the input ports or channels to the assay system be in physical registration 
or alignment with the micropores on the skin to ensure an efficient transfer of fluid 

1 5 from the micropores to the assay strip. Registration and alignment can be achieved by 
employing an adhesive or tacky silicone product to temporarily attach the integrated 
device. Alternatively, registration and alignment can be accomplished by installing the 
assay strip component within a translation system which, when activated, brings the 
input ports or channels of the assay strip into close enough proximity to the biological 

20 fluid exiting the micropores to cause the directed flow of this biological fluid into the 
assay strip. This sort of translation can be achieved in a number of ways such as, but 
not limited to, a small servo motor activated by a controller to move the assay strip into 
position at the appropriate time; a pneumatically positioned system driven by the same 
vacuum source described in conjunction with FIGs. 15 and 16; or a system design 

25 wherein the flexure of the skin itself under either the vacuum or pressure as described 
above brings the biological fluid on the surface of the skin into contact with the assay 
strip. An additional advantage of the translation system in the fluid management 
portion of the integrated microporation, harvesting, assay system is that it can be 
designed to supply the entire required fluid sample in a bolus delivery to the assay 

30 system, rather than trickling it over some longer period of time. In many cases a bolus 
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delivery of sample fluid enables a more accurate assay to be conducted using standard 
disposable assay strip design concepts. 

Furthermore, by designing the integrated microporation, harvesting, assay 
system in such a manner that the biological fluid management is handled with minimal 
5 dead space outside of the active region of the biosensor, a system can be built which 
uses very small samples of biological fluid to obtain an accurate assay of a selected 
analyte. Tests have been conducted on commercially available systems using glucose 
sensing amperometric biosensors that incorporated all of these features and it was found 
that the glucose concentration in a sample of biological fluid smaller than 1/3 of a 

1 0 microliter could be quantified, by modifying commercially available glucose test strips. 
One of the additional advantages gained by using interstitial fluid as the fluid sample 
for the assay system is the almost total lack of red blood cells in the sample. Most 
commercial strip based assay systems utilize some means of separating the corpuscular 
component from a whole blood sample prior to the application of the fluid sample to 

1 5 the assay element. In many cases, this process is performed by the use of some sort of 
wicking mesh designed to trap the blood cells and let only the serum move through to 
the assay area. These filtering approaches can use up as much as 4/5 of the original 
sample volume in the process. By using interstitial fluid, this step is no longer needed. 
In other words, a typical sample size of 3 to 10 microliters is normally required for a 

20 blood based glucose monitoring disposable assay strip design whereas by utilizing the 
ability to place an unfiltered interstitial fluid sample directly on the active reagent 
treated portion of an assay system, it has been demonstrated that quantitative readings 
of a selected analyte can be obtained with fluid samples as small as 1/3 fiL of interstitial 
fluid using modified conventional disposable assay strip technologies. 

25 Turning to FIGs. 19 and 20, the use of sonic energy in conjunction with the 

integrated device will be described. The integrated device can be used in conjunction 
with a means for coupling sonic energy from a transducer into the system and 
optionally into the tissues upon which the integrated system is disposed. In particular, 
experiments have shown that sonic energy in the range of 5 kHz to 30 MHz can be 

30 useful to enhance the outflux of biological fluid from a microporated area of skin. 
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Furthermore, the literature on the use of sonic energy supports the extension of the 
useable frequencies as high as 500 MHz. 

The permeation enhancing effect of sonic energy is due to several different 
mechanisms in the tissue, including but not limited to, the acoustic streaming induced 
5 in the fluids within the skin tissues, the directable effects of the sonic radiation pressure 
which can act directly to push the fluid is a desired direction, the reduction in the 
viscosity of the fluid itself, the modification of the surface tension effects both within 
the tissues and at the surface of the micropore, the local heating possible from the 
absorption of the sonic energy and the body's natural edemic response to this, the 

10 opening of microscopic temporary channels in the various membranes and layers within 
the tissue such as the capillary and vessel walls, the effect on these tissue structures due 
to cavitation achieved with selected frequencies and intensities of sonic energy, and the 
simple physical shaking of the system possible with various pulsed and modulated 
patterns of sonic energy, and the like. 

1 5 When incorporating a sonic energy source into a system such as this, it is 

important to consider the acoustic impedance of the various layers through which the 
sound waves travel, and the matching of the acoustic impedance at the interfaces of the 
various layers. For diagnostic ultrasound, a gel is frequently used to facilitate the 
coupling of the sonic energy into the tissue and this approach could be used to mate the 

20 bottom surface of the integrated device element to the surface of the tissue, such as 
skin. An alternative solution to the coupling issue that eliminates the need for a 
coupling gel, is to use an appropriately designed gasket type of material, such as a 
silicone or hydrogel to form the sonic connection. In addition, tacky or adhesive 
elements are useful to both seal a fluid management chamber and maintain registration 

25 between the micropores and the inlet port of the assay system. These elements are also 
useful as efficient acoustic coupling agents. 

In the case where a focused acoustic field is desired, multiple selectively phased 
sources, sonic lenses or reflectors could all be employed to generate the desired energy 
distribution within the target zone. A purposefully created impedance mismatch within 

30 the media through which the sound waves propagate can be used as a means of forming 
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a reflective boundary. Basically, all traditional wave propagation equations hold true 
for sonic energy, just as they do for electromagnetic energy, and as such the same type 
of wave guide or energy directing methods can be employed to focus the sonic energy 
where desired. 

5 The schematic representation in FIG. 19 shows an integrated device (100, 200, 

300. 400, 600, 1000) having a compliant layer 900 placed on the top to form an 
efficient coupling for sonic energy. The sonic energy is generated by sonic energy 
generation means, such as a piezo-electric transducer 910. A sonic lens element 920 is 
placed between the piezo-electric transducer 910 and the compliant layer 900. A 

10 coupling gasket 930 may also be provided to pneumatically seal the integrated device to 
the surface of the tissue (with optional application of suction) and to assist in the 
acoustic coupling of the sonic energy. 

The acoustic w aves can be optimized to have any of several recognized actions 
and effects on the performance of the harvesting and analysis of biological fluid, or 

1 5 delivery of bio-active agents. The sonic energy can be propagated through the 

integrated device, through the coupling gasket 930, to the tissue (such as skin), wherein 
SC denotes the stratum corneum, E denotes the epidermis and D denotes the dermis. 

Within the tissue, the direct effects of the sonic energy include local warming of 
the tissue through the direct absorption of the sonic energy. This is shown at reference 

20 numeral 940. Depending on the frequency selection and possible modulations of the 
frequency and amplitude of the sonic energy, an acoustic streaming effect can be 
achieved within the tissue, accelerating the fluidic movement between cells and within 
cells and vessels. This is shown at reference numeral 942. The amount of increase in 
the local velocity of the fluid has been shown to be more than one order of magnitude 

25 using visible tracers in in vivo real-time video microscopy experiments. 

Similarly, when the frequency and intensity and possible modulation thereof are 
selected appropriately, a cavitation effect shown by cavitation bubbles at reference 
numeral 944, is achieved which can have substantial secondary effects on the tissue 
properties due to possible microscopic shearing of some tissue structures, the transitory 

30 opening up of micro-porous sites in various membranes such as the capillary walls CW 
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within the tissue, and other effects due to the shock waves, shown at reference numeral 
946, created upon the collapse of the cavitation bubble. 

The presence of the acoustic vibrations within the fluid management chamber of 
the integrated device itself can also be used to enhance the motion of the fluid. These 
5 effects can be due to a directed radiation pressure gradient shown at reference numeral 
948 which can be created by proper alignment and focusing of the sonic energy, the 
enhancement of capillary transport action shown at reference numeral 950 by the 
acoustic energy, the active out-gassing of dissolved gas in the fluid which can help to 
eliminate error causing bubbles in the active assay area of the system, and the localized 

1 0 and chaotic micro-fluidic vortices shown at reference numeral 950 created within the 
fluid management chamber which can be used to reduce the required assay reaction 
time by eliminating the dependency on passive diffusion effects and thereby evenly 
distribute the reactive process within the sample. 

The activation of the sonic energy source can be selectively controlled to work 

15 ma coordinated fashion with the other components of the system, even to the point of 
operating with significantly different parameters during different portions of the 
poration, harvesting, assay process. For example, a sequence of sonic energy use is: 

1 . Start with a controlled burst of higher energy ultrasound designed to 
temporarily permeabilize the capillary walls and the intervening bulk tissue structures 

20 during the poration cycle. The presence of this type of short pulse of high intensity 

sonic energy has also been shown to reduce the perceived sensation associated with the 
thermal poration process by most subjects. 

2. During the fluid collection phase, a lower power, swept frequency 
modulation setting of the sonic energy could be used to induce the acoustic streaming 

25 effect within the tissue designed to bring more biological fluid to the surface. 

3. As the biological fluid exits the body and enters the inlet port of the 
assay system (the integrated device), the sonic energy could be re-tuned to more 
optimally enhance the surface tension driven transport of the biological fluid towards 
the active reagent area. Biological fluid transport could be used both within a capillary 

30 channel, a mesh or a porous media transport layer system. 
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4. Once on the active reagent layer, the operating parameters of the sonic 
energy could once again be adjusted to create the active "stirring' of the fluid within the 
fluid management chamber to facilitate a more rapid and/or accurate quantification of 
the selected analyte. 

5 Essentially all of the same functional modalities described in conjunction with 

FIG. 1 9 can also be realized with an alternative configuration wherein a remotely 
placed sonic source is used to direct the acoustic energy towards the desired portion of 
the assay element of the integrated device by beaming it through a fold of intervening 
flesh. 

1 0 With reference to FIG. 20, a clamp assembly 960 is provided to pinch a fold of 

tissue, such as skin between a transducer assembly. The transducer assembly comprises 
an acoustic transducer 962, a focusing element 964, and a coupling layer 966. The 
integrated device (100, 200, 300, 400 and 600) is at an opposite side of the pinch of 
skin. The dimensions of the clamp assembly 960 are such that when the tensioning 

1 5 device 968 pulls the two clamp halves together, they hit a hard stop and the spacing 
from the face of the transducer assembly and the inlet port of the fluid management 
chamber of the integrated device is positioned at an optimal position in {x, y, and 
z} coordinates to coincide with the sonic energy fields as desired. For example, FIG. 20 
shows the focal point of the sonic field is roughly coincident with the inlet port of the 

20 assay chamber, which may be one selected mode of operation. However, by shifting 
the frequency of the sound waves, this focal point can be moved in and out from the 
face of the transducer. 

Experiments have shown that it can be advantageous to modulate the frequency, 
thereby shifting the sonic energy field position and local intensities. This sort of 

25 control of sonic energy fields has been shown to induce an active pumping action at the 
modulation rate of the system which can similarly be used to exploit certain fluid and 
mechanical properties of the tissues. 

By employing a clamping mechanism, which forces the sonic transducer against 
the skin surface, the coupling losses at this interface can be reduced and/or controlled 

30 within a design specification. 
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The initial deflection into the inter-clamp space can be accomplished by placing 
the entire assembly within a suction system, such as that shown in FIGs. 15 and 16, 
which pulls the flesh into the space, and as the vacuum increases, provides the clamping 
force to pull the two halves of the clamp assembly together to the stops. Similarly this 
5 could be accomplished via mechanically feeding a pinch of skin into the space and then 
letting the clamp grab the tissue. 

An additional function of sonic energy applicable to all of the previously 
discussed sonic enhancement concepts is the demonstrated beneficial effects it can have 
on the wound healing process. Clinical results have consistently shown positive effects 

10 when sonic energy is applied to various types of wounds including burns and other 

superficial skin traumas. In the case of microporation created in the outer layers of the 
skin, this acceleration of the healing process can be exploited to improve the overall 
acceptance of the system by the end user and health care practitioners. 

In summary, the present invention is directed to an integrated poration 

15 harvesting and analysis device, comprising a first layer having a porating element 
disposed thereon, the porating element forming at least one opening in the tissue; a 
sensor positioned in fluid communication with the at least one opening in the tissue, the 
sensor being responsive to a biological fluid collected from the tissue to provide an 
indication of a characteristic of the biological fluid. Similarly, the present invention is 

20 directed to an integrated fluid harvesting and analyis device comprising a first layer for 
positioning in contact with tissue and through which poration of tissue is achieved such 
that at least one opening is formed in the first layer and at least one opening is formed 
in the tissue; a sensor positioned in fluid communication with the at least one opening 
of the first layer, the sensor being responsive to a biological fluid collected from the 

25 tissue to provide an indication of a characteristic of the biological fluid. A quantity of 
photothermal material is disposed on a portion of the first layer, which is heated by 
optical energy to form the micropore (opening) in the tissue, and thereby create the 
opening in the first layer. 

A counterpart method for harvesting biological fluid from tissue and analyzing 

30 the biological fluid is provided comprising steps of placing a layer in contact with a 
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surface of tissue; forming at least one hole in the tissue; collecting biological fluid from 
the tissue through at least one opening in the layer; and wetting a sensor that is 
positioned in fluid communication with the at least one opening in the layer with 
biological fluid to measure a characteristic of the biological fluid. The means to form 
5 the opening may be a mechanical element (lancet, needle, etc.), an electrically heated 
poration element, an optically heated poration element, etc. In addition, the opening in 
the tissue may be formed adjacent to an edge of the layer, whereby biological fluid 
enters the layer through a capillary feed channel formed between the top and bottom 
layers of the device, as described above. 
1 0 Various modifications and alterations of this invention will become apparent to 

those skilled in the art without departing from the scope and spirit of this invention, and 
it should be understood that this invention is not to be unduly limited to the illustrative 
embodiments set forth herein. 
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What is claimed is: 

1 . An integrated fluid harvesting and analysis device, comprising: 

a first layer having a porating element disposed thereon, the porating element 
forming at least one opening in the tissue; 

a sensor positioned in fluid communication with the at least one opening in the 
tissue, the sensor being responsive to a biological fluid collected from the tissue to 
provide an indication of a characteristic of the biological fluid. 

2. The device of claim 1, and further comprising a second layer overlying 
the first layer, the sensor being positioned between the first layer and the second layer. 

3. The device of claim 1, wherein the porating element is a heat conducting 
element that is heatable such that the temperature of tissue-bound water and other 
vaporizable substances in a selected area of the surface of the tissue proximate the heat 
conducting element is elevated above the vaporization point of water and other 
vaporizable substances thereby removing the surface of the tissue in said selected area. 

4. The device of claim 3, wherein the porating element comprises a 
quantity of photothermal material that is responsive to application of optical energy to 
heat up and conduct heat to the surface of the tissue for forming at least one opening 
therein. 

5. The device of claim 4, wherein said second layer comprises a portion 
which is transparent to optical energy. 

6. The device of claim 1, wherein the porating element comprises at least 
one mechanical puncturing member protruding from a bottom surface of the first layer. 

7. The device of claim 1, wherein the sensor comprises an electrochemical 
biosensor which is responsive to a level of glucose in interstitial fluid. 

8. The device of claim 1, wherein the sensor comprises a colorimetric 
sensor that provides an indication of glucose level in interstitial fluid. 

9. The device of claim 1, wherein the sensor comprises an assay pad 
having a reactive area that is positioned with respect to the at least one opening in the 
first layer tissue to absorb biological fluid collected therethrough. 
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10. The device of claim 9, and further comprising a mesh layer overlying the 
assay pad to transport biological fluid onto and across the reactive area of the assay pad. 

1 1 . The device of claim 1 0, wherein the mesh layer is treated with a 
surfactant substance to enhance the transport of biological fluid onto and across the 
reactive area of the assay pad. 

12. The device of claim 9, wherein the sensor comprises an anode, a 
cathode, a reference electrode and a sense electrode, each of which is electrically 
coupled to the reactive area of the assay pad. 

13. The device of claim 9, wherein the assay pad of the sensor is disposed 
along at least portion of an inner wall that extends perpendicular to a surface of the first 
layer. 

14. The device of claim 1, and further comprising an sonic transducers 
formed of a compliant sonic transmissive material positioned above the layer to deliver 
sonic energy to the tissue surrounding a location of the tissue where the at least one 
opening is to be formed. 

15. The device of claim 14, wherein the sonic transducer is formed of a 
compliant silicone material. 

16. The device of claim 14, and comprising at least two sonic transducers 
positioned on opposite sides of the sensor. 

17. The device of claim 1, and further comprising a sonic transducer formed 
of a compliant sonic transmissive material positioned above the layer to deliver sonic 
energy to the tissue surrounding a location of the tissue where the at least one opening 
is to be formed. 

18. The device of claim 1, wherein the porating element comprises at least 
one electrically energized heat conducting element. 

19. The device of claim 18, and further comprising at least two conductors 
embedded in the tissue-contacting layer and the at least one electrically energized heat 
conducting element being connected to the conductors for supplying electric current to 
the at least one electrically heatable element. 



WO 99/44507 



PCT/US99/04983 



41 

20. In combination, the integrated device of claim 1, and a mechanical 
element having a small opening therein and capable or receiving the integrated device 
such that the probe is aligned with the small opening, the mechanical element 
responsive to downward force thereon to cause the surface of the tissue to bulge into 
the small opening. 

21 . In combination, the integrated device of claim 1, and sealing means for 
pneumatically sealing the integrated device to the surface of the tissue and forming a 
sealed chamber, and means coupled to the sealing means for supplying negative 
pressure to the sealed chamber. 

22. The combination of claim 21, and further comprising a sealed electrical 
connection to the sensor and/or probe via the sealing means. 

23. The device of claim 2, and further comprising a fluid management 
chamber in a region of the integrated device between the first layer and the second 
layer, wherein surfaces in the fluid management chamber are treated with a chemical 
substance so as to facilitate the flow of biological fluid to the sensor. 

24. The device of claim 21, wherein surface portions of the layer are coated 
with hydrophobic substances. 

25. The device of claim 1, and further comprising a sense electrode coupled 
to the sensor to facilitate determination that the sensor is sufficiently wetted with 
biological fluid. 

26. The device of claim 1, and further comprising means for coupling sonic 
energy through the device to the tissue. 

27. The device of claim 26, and further comprising control means for 
controlling parameters of the sonic energy so that the sonic energy is adjusted to 
optimize each stage of a harvesting and analysis process. 

28. An integrated fluid harvesting and analysis device, comprising: 

a first layer for positioning in contact with tissue and through which poration of 
tissue is achieved such that at least one opening is formed in the first layer and at least 
one opening is formed in the tissue; 
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a sensor positioned in fluid communication with the at least one opening of the 
first layer, the sensor being responsive to a biological fluid collected from the tissue to 
provide an indication of a characteristic of the biological fluid. 

29. The device of claim 28, and further comprising a second layer overlying 
the first layer, the sensor being positioned between the first layer and the second layer. 

30. A method for harvesting biological fluid from tissue and analyzing the 
biological fluid, comprising steps of: 

placing a layer in contact with a surface of tissue; 
forming at least one hole in the tissue; 

collecting biological fluid from the tissue through at least one opening in the 
layer; and 

wetting a sensor that is positioned in fluid communication with the at least one 
opening in the layer with biological fluid to measure a characteristic of the biological 
fluid. 

3 1 . The method of claim 30, wherein the step of forming the at least one 
opening in the layer and the at least opening in the tissue comprises applying optical 
energy to a photothermal material on the layer that is contact with the tissue to 
thermally ablate the tissue and form the at least one opening therein. 

32. The method of claim 30, wherein the step of forming the at least one 
opening in the layer and the at least one opening in the tissue comprises applying 
electrical energy to a heat conducting element on the layer that is in contact with the 
tissue to thermally ablate the tissue and form the at least one opening therein. 

33. The method of claim 30, wherein the step of forming a hole in the tissue 
comprises forming at least one hole through the layer and into the tissue, wherein 
biological fluid from the tissue is collected through the hole in the layer. 

34. The method of claim 30, wherein the step of forming a hole in the tissue 
comprises forming at least one hole in the tissue adjacent to the layer. 

35. The method of claim 30, wherein the step of measuring comprises 
measuring an electrical characteristic of the sensor. 
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36. The method of claim 30, wherein the step of measuring comprises 
measuring a characteristic of light reflected from the sensor. 

37. The method of claim 30, and further comprising the step of applying 
positive pressure to the layer so as to induce flow of biological fluid through an inlet 
port. 

38. The method of claim 30, and further comprising the step of creating a 
negative pressure above the layer so as to draw biological fluid into the inlet port. 

39. The method of claim 38, and further comprising the step of forming a 
sealed chamber over the layer and the sensor. 
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